Electrochemical approaches for the fabrication of functional micro-nano structures and devices were comprehensively described primarily on the basis of the results obtained from previous studies conducted by the author's group with the aim of demonstrating the potential for achieving further precise controllability. First, a theoretical study was conducted for investigating the processes, mainly focusing upon electroless deposition to present an approach for analyzing its reaction mechanism from the molecular level. These approaches could be powerful tools for elucidating the overall process and could contribute toward achieving the precise design of processes. Second, some experimental approaches for achieving the precise control of micro-nano fabrication of functional structures, such as maskless and electroless fabrication of metal nano-patterns, lateral enhanced electrodeposition to form ultrathin layers, as well as the nanostructures for various devices by through-mask electrochemical deposition, were introduced to demonstrate high capability of the processes for nanoscale fabrication in various applications.
Introduction
Electrochemical processes have been widely applied for the fabrication of functional surfaces, thin films, and coatings, as well as various micro-nano structures. [1] [2] [3] As compared with their alternatives, so-called "physical" or "dry" processes like sputtering, evaporation, and reactive ion etching, they have advantages such as selective deposition or etching, as is schematically shown in Fig. 1 . On the other hand, the process naturally requires charge transfer at solid-liquid interfaces, thereby making the total process complicated. For overcoming this and maximizing the potential of the approach of electrochemical micro-nano fabrication, we attempted to investigate the reaction mechanisms in detail through theoretical and experimental approaches; based on them, we have developed various processes for fabricating functional micro-nano structures and devices. In this paper, these approaches will be comprehensively described to present the potential as well as possibility of the electrochemical micro-nano fabrication processes for the preparation of functional structures and devices. First, approaches for investigating the processes based on theoretical analysis will be explained, with focus on electroless deposition, and then some experimental approaches for achieving the precise control of micronano fabrication of functional structures and devices will be described.
Theoretical Analysis on the Reaction Mechanism of
Electrochemical Deposition Process 2.1 Analysis on the catalytic activity of metal surface for the reaction of reductant for electroless deposition process Electrodeposition and electroless deposition processes have been applied for decades, and large-scale, precise processes have already been established for various applications. However, most parts of the mechanisms of their deposition processes are still unknown; especially, in the case of electroless deposition process, the overall process consists of anodic process (oxidation of reductant to generate electrons) and cathodic process (reduction of metal ions to form deposits), and also various factors, such as complexant and additives, affect these processes, thereby complicating the situation. Moreover, important factors that govern overall deposition, such as catalytic activity of the surface of deposits, have not been clarified thus far; hence, the development and improvement of the processes have been typically conducted on the basis of trial and error. The reaction mechanism of electroless deposition has been mainly investigated by experimental or kinetic approaches, 4 and reaction models have been proposed, e.g., by van den Meerakker et al. [5] [6] [7] While these models are commonly known in the field, no theoretical background has been provided to confirm the validity of these models. For these reasons, we attempted to apply ab initio molecular orbital and density functional theory (DFT) approaches for elucidating such a mechanism from the molecular level.
First, we focus on the reactivity of the reducing agent at the metal surfaces, i.e., catalytic activity of the metals. Among various The Electrochemical Society of Japan http://dx.doi.org/10.5796/electrochemistry.83.680 processes of electroless deposition, the electroless deposition of Cu has been widely applied in the field of electronic devices and systems, such as high density multi-layered printed circuit boards. 8, 9 For the electroless deposition of Cu, it is not only known but also experimentally investigated in detail 10 that the Cu surface does not exhibit catalytic activity for the reaction of hypophosphate ion, which is the most common reductant used for electroless deposition; hence, formaldehyde has been used as the reductant. However, it exhibits several disadvantages of having an irritant odor and being a suspected human carcinogen. Thus, we investigated the origin of the catalytic activity of the metal surface, with focus on the catalytic activity of metal surface for the reaction of hypophosphate ion.
For modeling the oxidation reaction of the reductant at the metal surface, we conducted DFT calculations utilizing metal clusters and assuming elemental reaction steps for reductants. [11] [12] [13] For determining the optimal adsorption configuration of hypophosphite ion at the metal surface, two alternative cases were assumed, as schematically shown in Fig. 2 , in which hypophosphite ion was adsorbed onto the metal surface from the O and H sides, respectively. In addition, for considering the effect of solvation, Monte Carlo (MC) simulations 14 were employed for optimizing the position of surrounding water molecules, and using this data, DFT calculations were performed with the aim of estimating the adsorption energy of hypophosphite ion on the metal surface such as Pd(111), considering the effect of solvation. Table 1 shows the adsorption energy of hypophosphite ion onto the metal surface either from the O side or the H side, with or without the effect of solvation. 15 Notably, the optimal adsorption configuration totally changed when the solvation effect was considered; without considering the effect of solvation, the adsorption from the O side was favorable, which corresponds to the previously reported results by another group, 16 whereas the adsorption from the H side, which was necessary for the reaction, was achieved with the solvation effect, in which the surrounding water molecules strongly interacted with the O side of hypophosphite ion. The formation of such a configuration was also confirmed experimentally, 17 and our result indicated that solvation plays a key role for the reactions at the solid-liquid interface to form a unique condition in comparison with the "dry" processes occurring under vacuum.
Based upon these results, the elementary reaction of the hypophosphite ion at the metal surface can be illustrated as shown in Fig. 3 ; this reaction consists of three steps; (i) adsorption at the metal surface, (ii) dehydrogenation, i.e., breaking of the P-H bond, and (iii) oxidation (attack of -OH). For each case, the distance or length of interest, e.g., the bond length of P-H, as shown in Fig. 3(b) , which represents the energy for dehydrogenation, was varied, and the total energy of the (intermediate) species was estimated in combination with the Pd, Ni, or Cu surface. Figure 4 summarizes the results obtained with Cu(111), Ni(111), and Pd(111) model surfaces. 18 In the adsorption step, hypophosphite ions were spontaneously adsorbed onto each surface with stabilities in the order of Ni > Pd > Cu. Moreover, in the dehydrogenation step, hypophosphite ions underwent dehydrogenation on Ni and Pd with small reaction barriers, whereas they reacted on Cu with a large reaction barrier, which was not compensated by the adsorption energy on the surface. On the other hand, in the oxidation step, dehydrogenated anions on each metal surface spontaneously reacted with the hydroxyl base. The reaction barriers on each metal surface in this step were not so significant as compared to the adsorption energies on each surface, suggesting that a reaction barrier of hypophosphite ion oxidation should exist in the dehydrogenation step and can be clearly observed for Cu. This proposition elucidates the experimental catalytic behavior of metal surfaces in electroless deposition using hypophosphite ions.
As described, the dehydrogenation step was found to be the barrier for controlling the overall reaction of hypophosphite ion on the Cu surface. The dehydrogenation step has also been demonstrated to be significant in case of other reductants such as dimethylamine borane (DMAB) and aldehydes; [11] [12] [13] thus, for elucidating its origin, further investigation on the interaction of the orbitals for hypophosphite ion and metal surfaces was conducted. 19, 20 Figure 5 schematically shows the results obtained for the case with Pd and Cu surfaces. 19 For the adsorption on Pd, the s-orbital of H interacted with d-and p-orbitals, whereas the s-orbital of P interacted with the p-orbital of O [ Fig. 5(a) ], which forms antibonding structure in the P-H bond to strongly enhance P-H cleavage. On the other hand, for the adsorption on Cu, the s-orbitals of H and s-orbitals of P simultaneously interacted with the p-orbital of Cu [ Fig. 5(b) ]. Such an interaction should result in an inefficient anti-bonding structure in the P-H bond, and the promotion effect of P-H cleavage should be weaken. Electrochemistry, 83(9), 680-687 (2015) 2.2 Effect of additives on the reaction of reductant for electroless deposition process As described, a model to theoretically investigate the catalytic activity of the metal surface for the oxidation reaction of reductants has been established, and detailed investigation has been conducted. In the same manner, the effect of additives, which also play key roles in controlling the overall deposition conditions and properties of the deposited films, has been investigated. For this, notably, the effect of additives occasionally exhibits behavior quite different between electrodeposition and electroless deposition processes for identical metal species such as Cu and Ni. For electrodeposition, the additives affect the cathodic (deposition) reaction, while in the case of electroless deposition, they also affect the anodic process (oxidation of reductant). Hence, in such cases, theoretical analysis is a powerful tool for the separate evaluation of these effects. For example, thiourea is a typical additive used for electroless deposition to control deposition conditions as well as properties of the deposited films; 21, 22 it also works as an accelerator for deposition under acidic conditions, 23 and using the approach described above, we investigated the effect of thiourea on the oxidation reaction of hypophosphite ion at the Ni surface. Figure 6 shows the model describing the co-adsorption of thiourea and hypophosphite ion on the Ni surface, and Table 2 shows the calculated results of adsorption energy for hypophosphite ion. 24 From this result, the presence of thiourea enhanced the adsorption step of hypophosphite ion. On the other hand, thiourea did not exhibit any clear effect on the dehydrogenation (P-H bond breaking) and oxidation (OH ¹ coordination) steps, 24 as is shown in Fig. 7 . As described, theoretical calculations could provide detailed information on the effect of additives in the elementary reaction level, and for elucidating the validity of the results obtained from the theoretical analysis, we attempted to apply the two-compartmenttype cell system, as is schematically shown in Fig. 8 . In this cell system, anodic and cathodic reactions were physically separated into two baths without metal ions or a reducing agent, which are connected by salt bridge. Figure 9 shows results obtained by plotting time dependence of current without the addition of thiourea, (a), addition of thiourea to the bath containing hypophosphite ion without Ni ion after 500 s, (b), or the bath containing Ni ion without hypophosphite ion, (c). 24 Among these profiles, the current density increased most prominently when thiourea was added to the bath containing hypophosphite ion, which support the calculated results described above. The 
combined use of experimental and theoretical approaches for "model" experiments is a powerful tool for investigating the reaction mechanism further in detail. We also attempted to develop an approach to combine in situ surface-enhanced Raman spectroscopy with theoretical calculations for analyzing the behavior of reductants and additives in detail, [25] [26] [27] and these approaches will provide possibilities to achieve further precise control of deposition.
Nanoscale Characterization and Development of Fabrication Processes for Novel Micro-nano Structures and Devices

Maskless and electroless deposition for fabricating metal nanopatterns on Si surfaces by controlling local activities
The fabrication of patterned nanostructures is a key process for various electronic devices and MEMS, which has been conventionally conducted using "dry" processes, in combination with photolithographic processes. On the other hand, as described above, electroless deposition could be controlled by controlling the surface activity for deposition. We have investigated electrochemical properties of Si crystal surfaces [28] [29] [30] [31] and their reaction behavior with metal species [32] [33] [34] and found that preferential deposition occurs at the electrochemically active sites, such as step edge and defects. 28, 34 Figure 10 shows representative atomic force microscopy (AFM) and corresponding scanning surface potential microscopy (SPoM) images of H-terminated Si(100) surfaces with or without surface defects such as pits and scratches. 34 As shown in Fig. 10(d) , the SPoM image of the Si surface without the defects exhibited a uniform feature of the surface potential. On the other hand, Figs. 10(e) and 10(f ) clearly exhibited that the defects possessed local negative potential with respect to the non-defect area. This suggests that such a negative shift in potential at the defect sites enhances the reductive deposition of the metal ion species, which was proven as is typically shown in Fig. 11 . 34 In this figure, the preferential deposition of metals was observed at the defect sites.
Based on these results, patterned "defects," i.e., active sites for the reductive deposition of metal ions at Si wafer surfaces, were formed by a nanoindentation technique employing an AFM equipped with a diamond probe, and the fabrication of nanopatterned deposits was attempted. 34, 35 For achieving highly selective deposition, it is imperative to take into account the difference in deposition activity between the defect and non-defect sites. For this purpose, conditions of the solution (or "plating bath") are also important. Electrochemistry, 83(9), 680-687 (2015) Figure 12 shows AFM images of nanodot arrays of Cu, Ag, Co, and Au, fabricated on the H-terminated Si(100) surfaces. 34, 35 In the case of Cu patterns shown in Figs. 12(a) and 12(b) , deposition was conducted for 60 s by immersing the Si surface with patterned defects into a 0.025% aqueous HF solution containing 500 ppb of Cu(NO 3 ) 2 . Despite such an extremely simple conditions, Cu nano dots were formed at the patterned defect sites with clear selectivity.
As described, the maskless fabrication of metal nanopatterns on the Si surface can be achieved in combination with pre-patterned defects and "electroless" deposition. Although this process is quite simple, it can form precise nanostructures, which is advantageous for the fabrication of various nanostructures.
Laterally enhanced electrodeposition process to form ultrathin layers
The results described above demonstrate the precise controllability of electrochemical deposition for nanoscale fabrication. For further investigating its possibility for controlling nanostructures of the deposits, we also attempted to achieve the anisotropic control of growth, i.e., enhancement of the growth toward the lateral direction to form ultrathin layers, which are applicable to nano-gap-type electrodes for organic devices such as transistors and switching devices, schematically shown in Fig. 13(a) . These electrodes are usually fabricated by lithography; on the other hand, electrodeposition can be applied to adjust the gap length on the scale of nanometers, and several approaches have been conducted. 36, 37 Although conventional electrodeposition can achieve the precise control of the gap length between two opposing electrodes, the edge of the electrodes need to be extremely smooth and thin for stable holding the organic molecules such as nanowires. For achieving this condition, we attempted to enhance the lateral growth of electrodeposition for fabricating ultrathin layers onto non-conductive surfaces. [38] [39] [40] For this purpose, the surface of the non-conductive substrate was modified using self-assembled monolayers (SAMs), which can change the surface states by varying the end groups, as is schematically shown in Fig. 13(b) . The gap-type electrode was fabricated onto SiO 2 -coated Si wafers by photolithography, and after the modification of SAM, Au was electrodeposited onto these electrodes. By optimizing the modification of SAM as well as electrodeposition conditions, the enhancement of lateral growth can be achieved to form ultrathin layers, as is typically shown in Fig. 13(c) , in which 3-aminopropyltriethoxysilane was applied for the modification of the SiO 2 surface, 39 and by applying this type of electrode, it was confirmed that electric properties of the device using organic nanowires, such as octabutoxy phthalocyanine, are significantly improved. 40 Such a structure is advantageous for fabricating nanogap electrodes for various types of nanodevices as well as for applications in various fields.
Fabrication of high-aspect-ratio arrayed microstructures
by photo-assisted Si anodization As described, electrochemical deposition can form precise functional micro-nano structures. In the same manner, the electrochemical approach is also applicable for etching, such as the anodization of aluminum to form an ordered array containing high-aspect-ratio pores. 41, 42 Such an anodization process is also applicable for Si crystals, and the process for forming an ordered pore array is proposed. 43 We have modified this process for achieving the area-selective formation of high-aspect-ratio, uniform pore arrays by photo-assisted anodization. Electrochemistry, 83(9), 680-687 (2015) Figure 14(a) shows the fabrication procedure. First, an n-Si(100) wafer was coated with a patterned Si 3 N 4 mask, and after anisotropic etching was performed for forming initiation pits at the top surface, which is exposed to an aqueous HF electrolyte, anodization was conducted by illuminating the back side of the wafer, which generates holes to initiate the etching reaction at the interface between the Si surface and the HF electrolyte. By adjusting the bias voltage and illumination intensity to create the "diffusion-limited" condition of holes at the surface (Si-electrolyte interface) region, the etching reaction preferentially proceeded at the edge of the initiation pits, resulting in the formation of straight pores, as is shown in Fig. 14(c) . In addition, by decreasing the supply of holes to the reaction sites, the diameter of the pores could be tuned, 45 as is shown in Fig. 14(d) . By adding metal ions to the HF electrolyte for etching, the one-batch fabrication of pore arrays and metal filling have been achieved, 46 as is shown in Fig. 15 . Furthermore, by employing oxidation to form SiO 2 layers at the surface of the pores, an ordered array of SiO 2 tubes can be fabricated, 47 as is typically shown in Fig. 16 . These processes are advantageous for the fabrication of various arrayed microstructures under precise control, with quite simple processes. Electrochemistry, 83(9), 680-687 (2015)
3.4 Templated electrochemical deposition for fabricating micro-nano structures for device applications Electrochemical deposition has been traditionally applied for various "template" or "through-mask" processes with the aim of forming patterned micro-nano structures and devices, such as thinfilm magnetic recording head for hard disk drives as well as nanoscale interconnections in ULSI chips. 48, 49 We have also applied the through-mask processes for forming various devices such as Xray imaging sensors, 50,51 thermoelectric devices, 52 and bit patterned media (BPM) 53, 54 for ultra-high-density data storage devices. [55] [56] [57] [58] [59] [60] In particular, the application for BPM requires the order of terabit/ inch 2 density of the bits, i.e., magnetic nanodots, requires the feature size of 10 nm or smaller with the control of crystal orientation. For this purpose, we attempted to apply electron beam lithography for fabricating nano-patterned substrates and conducted the electrodeposition of CoPt ferromagnetic nanodots, as is typically shown in Fig. 17 . 60 In this figure, the diameter and pitch of the dots were approximately 8 nm and 18 nm, respectively, which corresponds to 2 terabit/inch 2 , and electrodeposition was demonstrated to form such extremely small structures.
Summary
As described, the methodology for theoretical analysis of electrochemical deposition has been proposed for elucidating the reaction mechanism of the process from the molecular level, which has been difficult to analyze only by an experimental approach. Also, new approaches for fabricating various micro-nano structures and devices have been described; in particular, the fabrication of BPM requires extremely small dimension with high accuracy control to a wide area, which is a typical example for featuring the advantage of the electrochemical micro-nano fabrication process. Although several parts of these processes are unclear, they have been practically applied for long time, and a significant number of results have been accumulated. Thus, by the combined use of theoretical and experimental techniques, further precise analysis of the process could be possible, which will be a powerful tool for understanding and developing the fabrication of the devices for further higher functional properties. Electrochemistry, 83(9), 680-687 (2015)
